Slurry and urea applications are part of normal nutrient management on grassland farms utilizing grazed grass and silage for animal production. It was hypothesized that management history would result in a different carbon response to slurry and urea applications for the same soil type because of differences in soil micro-environment, including microbial biomass and activity, are formed and regulated by long-term management history. An Irish grassland soil of the Skeagh Series was sampled in three fields, each with a long, consistent management history: Soil A was associated with extensive grazing by horses; soil B with medium intensity grazing by sheep and cattle, and grass silage conservation; and soil C with intensive dairy cow grazing. There were three slurry treatments (S 1 , the control of no slurry; S 2 , slurry mixed with soil; S 3 , slurry added on the soil surface) and three urea treatments (N 1 , the control of no urea; N 2, all urea applied at one time; and N 3 , three application, 30 days apart, totaling the same amount of urea as N 2 ) designed to supply 36 g C m −2 and 2 g N m −2 during an 85 day incubation trial. Soil pH, total carbon, cold water extractable organic carbon, soil respiration and two C-related enzymes (β-glucosidase and CM-cellulase) were measured. All measured soil properties showed a significant difference (P < 0.05) by management history, indicating a strong influence of long-term management on response. β-glucosidase and CM-cellulase activity showed a strong relationship with soil management history rather than with slurry or urea additions. It was concluded that management history was important to C dynamics. Slurry mixed with soil resulted in a greater soil carbon loss than slurry applied on the soil surface. One large dose of urea caused greater soil carbon loss than multiple small doses.
Introduction
Grass-based livestock production is the predominant agricultural system in Ireland and other countries where a humid climate suites grass production.
Large volumes of animal excreta (slurry and manure) produced by animals mainly during winter housing must be recycled to the land. In Ireland, 87% of farms produced and spread slurry and manure in 2009, and slurry constituted over half of the total combined application of slurry and manure, of which 97% of total slurry was applied to grassland with the remaining 3% applied to maize or tillage crops. Urea application to pasture has declined in recent years due to its high price and environmental regulations (e.g. European Communities (Wa- There is some research on key processes regulating soil quality and the productivity impacts of slurry and urea applications [2] [3] . Soil under pasture subject to regular slurry application tends to have greater aggregate stability [4] , which contributes to soil carbon sequestration and potentially results in significant offsets to greenhouse gas emissions [5] . Slurry also contributes to greater below-ground soil biodiversity [6] , soil fertility, and soil carbon cycle processes [7] . Urea fertilizer is useful to increase net primary production and improve litter quality, despite evidence of decline in below-ground soil faunal diversity [8] [9], a relative high nutrient cycling rate and greater nutrient leaching [8] . Addition of N fertilizer influences soil carbon dynamics by changing the soil carbon to nitrogen ratio [10] , which regulates soil microbial processes by governing soil microbial community composition [2] and enzyme activity [11] .
Mismanagement of slurry and urea can lead to environmental problems and low nutrient efficiency (especially N use efficiency). Traditionally slurry is spread on pasture via "splashplate" application to distribute a thin film on the sward surface, resulting in odor and ammonia release [6] . Shallow injection of slurry into the soil can improve N efficiency [12] by reducing ammonia loss by 57% [13] . Overuse or improper application of urea can result in nitrate leaching and ammonia volatilization, leading to low N use efficiency [14] [15] .
Knowledge of soil carbon dynamic response to slurry and urea application has tended to focus on understanding the short-term soil response [16] [17] , but it is less clear how important long-term management is in the short-term control of soil respiration and soil enzyme activity. Since the soil micro-environment, which regulates the microbial community and its activity and thus other soil properties, is formed and regulated by long-term management as well as short Open Access Library Journal term events, it is reasonable to think that soil carbon response to short-term slurry and urea addition to the soil will be regulated by antecedent conditions. In modern agriculture organic or inorganic fertilization and related management intensity are the main indicators of long-term management history. The objective of this study was to address the questions: i) does soil with differentlongterm management history (i.e. management intensity) respond differently to the same amount of mineral or organic fertilization? It was hypothesized that soil with a management history of lower intensity will have a delayed response to slurry and urea fertilizer application as the microbiological community adapts to the change in condition; ii) does slurry applied by mixing with the soil (imitating shallow injection) lead to greater C decomposition compared to slurry applied on soil surface (imitating traditional "splashplate" application)? It was hypothesized that slurry mixed with the soil will maintain greater microbial activity for longer thus leading to greater soil C decomposition. iii) does the same amount of nitrogen fertilizer added to the soil in one dose compared to multiple smaller doses result in less C decomposition? It was hypothesized that multiple smaller doses will maintain greater microbial activity over longer periods and will result in greater C decomposition. Using a single soil type, with three levels of longterm management history, an incubation experiment was conducted to test slurry application method and urea timing as part of normal grassland management.
Material and Methods
The soils were sampled from a farm under temperate, maritime climate in eastern Ireland with relatively mild, moist winters and cool, cloudy summers. The mean annual temperature was 9.4˚C and the mean total annual precipitation was 869 mm from 1981-2010 at the nearby Dunsany weather station (www.met.ie).
The grass sward was dominated by a mixture of perennial ryegrass and clover, typical of eastern Ireland. Three soils were collected from UCD Lyons Research Farm, located in Co. Kildare, Ireland (53˚18'1"N; 6˚33'2"W) from fields with different management history. Soil A was from an extensively grazed field, having over 100 years grazing history, used for more than a decade to graze horses from All soils were collected to a depth of 15 cm after removing the grass and thatch to expose the soil surface while avoiding contamination by surface plant residue. Stones and roots were removed in the field. Soil samples were stored at 4˚C and sieved (<5.6 mm) within 12 h of collection.
Incubation Experiment
The experimental set-up comprised three soils and six independent treatments, consisting of three cattle slurry treatments (control treatment S 1 , no slurry; S 2 , slurry mixed with soil to inimate shallow injection; and S 3 , slurry spread on soil surface to inimate "splashplate") and three urea treatments (N 1 , the control of no . All pots were arranged randomly on trays and placed into an incubator at 23˚C ± 2˚C and at 45% humidity. The incubation was for 85 days from June to August 2013. All pots received 10 ml distilled water on the days of N 3 treatments and during incubation, soil moisture 
Soil Analysis
Each soil sample was analyzed for total carbon (TC) using 2 mm air-dried soil and dry combustion with a carbon analyzer (Primacs SLC , SKALAR Co.). Cold water extractable organic carbon (CWOC) was extracted by adding 20 ml of distilled water to 5 g moist soil and shaking for 30 minutes in a rotating shaker before filtration and analysis with a liquid TOC analyzer (TOC-V CSH/CSN , SHIMADZU Co.). Soil pH was determined by preparing a soil to water (w/w) ratio of 1:2 (20 ml distilled water to 10 g 2-mm sieved soil).
Soil respiration (SR) was measured by incubating 20 g moist soil in a sealed jar along with a beaker containing 20 ml 1 M NaOH in the dark at 25˚C for 10 days 
Statistical Analysis
Statistical analysis was performed using SPSS v. 20. One-way ANOVA was used to analyze for the effects of management history, slurry treatment, urea treatment and incubation time (days) on each soil property by soil and treatment.
The interactions of incubation day, soil, slurry and urea treatments were assessed by MANOVA.
Results
Soil properties after sampling and before incubation (Table 2) were somewhat different. Soil A had the lowest pH, TC, respiration and CM-cellulase activity, Soil B had the the lowest β-glucosidase activity and soil C had the lowest CWOC. A 6.9 ± 0.03a 3.6 ± 0.4a 107 ± 23a 0.52 ± 0.17a 0.10 ± 0.02a 157 ± 37ab 18.5 ± 7.3a B 7.8 ± 0.04b 4.2 ± 0.3b 331 ± 38b 0.70 ± 0.06b 0.32 ± 0.04b 149 ± 20a 19.7 ± 8.2a C 7.3 ± 0.06a 3.7 ± 0.4a 82 ± 28a 0.60 ± 0.06ab 0.30 ± 0.05b 234 ± 25b 19.4 ± 6.0a
Small letters a, b, and c indicate the significant difference among soil A, B and C at P < 0.05 level. *, **, ***, significant at the 0.05, 0.01 and 0.001 probability levels, respectively; ns, insignificant.
The effect of incubation time (days) for all soil properties was significant for soil A, B and C (p < 0.05; main effect Table 3 ). For all soils, pH decreased at day 85 by 0.7 (soil A), 0.2 (soil B) and 0.1 (soil C) compared to the initial pH ( Figure   1 i.e. 30%, 24% and 26%, respectively (Figure 1(b) ). CWOC and the ratio of CWOC to TC showed a similar pattern as they increased to day 4 and then generally decreased to day 28 before the second urea addition on day 31 with peak value on day 32, a decrease to day 58 before the third urea addition with a peak on day 62 (Figure 1(c) , Figure 1(d) ). Soil respiration of all three soils showed a decrease from day 1 to day 56, recovery to the original respiration level by day 62, and another decrease thereafter (Figure 1(e) ). For all soils, β-G had a similar pattern with peak values on day 7 and day 58 (Figure 1(f) ). CM-cellulase activity peaked on day 28 and day 58 (Figure 1(g) ). All soil properties changed significantly by incubation days for soil A, B and C (p < 0.001; interaction effect Table   3 ). ) with incubation days in urea treatment group.
For soil A slurry did not cause any changes to the selected properties. For soil B, slurry applied to the soil surface caused significantly greater soil respiration than the other treatments. For soil C, slurry addition decreased soil pH significantly and slurry applied on the surface had a greater influence (Figure 3(a) ).
Slurry increased soil TC and slurry mixed with soil had the greatest TC concentration (Figure 3(b) ). Slurry mixed with soil increased CWOC while slurry applied on the surface decreased CWOC compared to no slurry treatment ( Figure   3(c) ). Slurry treatments had no significant influence on CWOC:TC ratio, soil respiration, β-G or CM-cellulase activities (Figures 3(e)-(g) ). However, slurry mixed with soil treatment (S 2 ) showed a greater net change of TC with incubation days than that in slurry applied on soil surface treatment (S 3 ) (Figure 4) , meaning a greater C loss or decomposition during incubation when slurry was mixed with soil.
Urea treatments significantly decreased soil pH for all soils but there was no significant difference between the N 2 and N 3 treatments for soils A and B, but a greater decrease in pH for the N 3 treatment with soil C (Figure 5(a) ). TC did not show any change by urea treatment (Figure 5(b) ). CWOC and the CWOC:TC ratio decreased significantly with urea addition compared to no urea but no significant difference was found between N 2 and N 3 treatments for all soils ( Figure   5 (c), Figure 5(d) ). Frequent urea application (N 3 ) increased soil respiration but urea applied in one dose (N 2 ) decreased soil respiration compared to the control of no urea treatment as no change in respiration was observed for soil A or B ( Figure 5(e) ). β-G and CM-cellulase showed no significant effect of urea treat-Open Access Library Journal 
Discussions
There was no consistent pattern of difference between Soil A and the other two soils, or similarity between Soil B and Soil C before incubation (Table 2) , that might indicate recent slurry management had no impact on the properties measured. In some cases Soil A and Soil C were most similar (pH, TC, CWOC) but the data suggested that differences were due to the long-term management history rather than events prior to sampling. The slurry and N fertilizer applied to soil B and C 3 weeks before soil sampling might have impacts on the results in the incubation. Unfortunately, our data cannot explain the possilibity.
Soil Management History
The evidence of soil A having greater net change in TC with slurry and urea application indicated greater carbon loss, suggesting that the hypothesis of low intensity soil management history delaying response had to be rejected. However, the data cannot explain if the loss of carbon was due to decomposition by enhanced microbial activity during incubation, because soil A showed the lowest soil respiration and enzyme activity before incubation (Table 1 ) and they did not change significantly during incubation. A significant difference for all soil properties was by management history indicating that this was the dominant cause of differences, thus long-term land use intensity and management appears to have been the main cause of the differences observed.
Soil Carbon Response to Slurry
In general, slurry addition increased microbial activity in terms of increased soil Open Access Library Journal respiration (the main effect in Table 3 ). This can be explained because the application of slurry to land results in enhanced biogeochemical cycling due to the associated inputs of organic matter which stimulate microbial activity. There was little evidence of greater microbial activity under the mixing scenario (just slightly greater cellulose activity, Figure 3 (g)), however, the greater TC net change in slurry mixed with soil treatment confirmed the hypothesis that the mix treatment, mimicking shallow injection would result in a greater TC loss compared to slurry applied on the soil surface. This proportion of TC loss might be as methane (CH 4 ) emission owing to limited oxygen availability when slurry is direct injected into the soil, but this incubation experiment could not evaluate these conditions. During incubation all three soils behaved similarly (Figure 1(b) ). Across all treatments there was no difference in rate of response, with a similar pattern for each soil. The change in CWOC during incubation indicated that Soil B was subject to greater oscillations through time (Figure 1(c) ), which was then reflected in the CWOC:TC ratio (Figure 1(d) ). This pattern could not be explained by soil respiration (Figure 1(e) ) or carbon enzyme activity (Figure 1(f) , Figure 1(g) ).
Soil Carbon Response to Urea
Urea addition resulted in decreased CWOC content that might be attributed to the enhanced soil microbial activity resulting from the availability of nitrate fertilizer. The hypothesis that nitrogen fertilizer applied in one large dose compared to multiple smaller doses would result in less soil carbon decomposition was not supported. The data indicated one large dose of urea caused greater TC loss ( Figure 6 ) than frequent smaller doses. However, this greater TC loss cannot be explained by soil microbial activity in terms of enzyme activity since no differences of enzyme activity were found between the urea treatments ( Figure   5 (f) and Figure 5(g) ). It could not be explained by soil respiration because one large dose of urea resulted in a decrease in soil respiration ( Figure 5(e) ). It ap-Open Access Library Journal pears that the TC loss under this condition could not be attributed to biological processes. The significant decrease in pH and CWOC with urea might be the reason for the enhanced TC loss (Figure 5 (a) and Figure 5(c) ). Urea addition possibly resulted in decreased soil pH, which ultimately caused a decrease of CWOC by CO 2 emission. Unfortunately the data cannot explain why it happened.
There was a greater response to urea application than to slurry applications indicating a greater sensitivity of soil properties to chemical fertilizer over a short time horizon. There was a more rapid and more pronounced response in chemical properties (pH, CWOC, CWOC:TC) than biological properties (respiration and enzyme activities) to urea. Tang, Wang [26] found biological properties to be very sensitive indicators of chemical fertilizer management, but Six, Bossuyt [27] reported that microbial composition and enzyme activity were more influenced by soil properties than management. This study indicates a greater influence of soil long-term management history than short-term urea addition on soil microbial activity and enzyme activity.
Long-term inorganic fertilizer has been shown to cause varied responses in soil microbial function compared to long-term organic fertilization [27] . This study ( Figure 5 ) indicated a decrease of CWOC and the proportion of CWOC in soil TC regardless of management intensity. Compared to urea applied in one large dose, small monthly applications caused a significantly greater microbial response in terms of respiration rate, but only in soil C with high management intensity. This confirms the importance of long-term management history. This study of soil response to urea addition suggests a careful consideration of urea fertilization strategy is required as it had a greater influence on soil chemical properties compared to organic fertilization.
Conclusion
To conclude, this experiment showed that slurry and urea addition caused greater changes to soil properties for soil with a long-term history of greater grazing intensity than soil under low intensity management. However, slurry and urea application might cause greater soil carbon loss for soil with low management intensity compared to high management intensity. Application of slurry by mixing with soil results in a greater soil carbon loss than slurry applied on soil surface. Urea applied as a single large dose accelerated soil carbon dynamics by increasing respiration rate in the soil and caused greater soil carbon loss compared to multiple smaller dose urea application. Long-term management history seems more important for regulating soil carbon responses to slurry and urea addition, but it is not yet clear how long this influence lasts. With projected increases in grazing intensity and overall management intensity, prediction of soil carbon response should take into account management history.
